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ABSTRACT 
Three processes comprising an oxygen reclamation system were investigated: 
(1) electrolytic reduction of carbon dioxide in a molten carbonate electrolysis 
cell, (2) oxygen permeation through a heated silver membrane, and (3) catalytic 
disproportionation of carbon monoxide to carbon and carbon dioxide. 
The electrolysis cell effectively reduced carbon dioxide giving essentially 
theoretical yields of oxygen at the operating temperature of 1300°F. The electro- 
lyte was a molten mixture of the carbonates of sodium, lithium and potassium imo- 
bilized by magnesium oxide to form a non-flowing matrix. Quantitative reduction of 
C02 could not be related to the power input due to cell body corrosion and electro- 
lyte cross-leakage problems. These same problems prevented fabrication of a fully 
operational cell; due to a shift in emphasis to fabrication of the catalytic reactor, 
all of the research planned for this component was not completed. 
A silver foil membrane corroded and leaked, when used as a direct contact 
anode in the electrolysis cell, obviating its use as an oxygen separation device 
in that location. Further tests of the silver foil, not as an electrode, but as 
a separation membrane showed that pure silver, at 1300' to 1400°F, leaks gas through 
fissures which develop along grain boundaries. However, a magnesium-nickel alloy 
of silver continuously separated pure oxygen from a mixture with carbon dioxide for 
60 days without cross-leakage. 
The catalytic reactor effectively disproportionated carbon monoxide to carbon 
dioxide and carbon. 
by the Girdler Catalyst Division of the Chemetron Corporation. 
85% of theoretical with pure CO feed, and 52% with a 1:l mixture of CO and C02. 
The most effective catalyst was H-219 nickel oxide prepared 
Conversion averaged 
A 
one-tenth man capacity laboratory model was fabricated and operated continuously 
for eight days with the 1:l CO and C02 feed mixture. 
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FONWORD 
. 
mis report  sumar i zes  the  work accomplished under Contract NAS1-5269 
f o r  research and development of a system which reclaims oxygen from carbon 
dioxide f o r  use on manned spacecraft .  This work w a s  i n i t i a t e d  on 23 June, 
1965 and completed on 15  k r c h  1967. The program w a s  performed by the  General 
Ameriaan Research Division of the  General American Transportation Corporation, 
7449 Natchez Avenue, Niles, I l l i n o i s  60648. The work w a s  monitored by Mr. 
Rex B. k r t i n ,  National Aeronautics and Space Administration, Langley Research 
Center, Langley Stat ion,  Hampton, Virginia 23365. 
The work reported herein w a s  performed by personnel wi th in  the  Atmosphere 
Control Section of GARD's  Life-support Systems Group, under the  d i r ec t ion  
of Mr. R.  A .  Bambenek and supervision of Mr. G. A .  Remus; Mr. A. J. Glueckert 
served as pro jec t  engineer. 
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SECTION 1 
INTRODUCTION AND SUMMARY 
The th ree  concepts inves t iga ted  during t h i s  cont rac t  were: (1) t h e  reduc- 
t i o n  of carbon dioxide i n  a molten carbonate e l e c t r o l y s i s  c e l l ,  ( 2 )  t he  selec-  
t i v e  permeation of oxygen through a s i l v e r  membrane and, (3)  t h e  c a t a l y t i c  
disproport ionat ion of carbon monoxide t o  carbon dioxide and carbon. These 
th ree  processes can be in tegra ted  in to  a system which converts carbon dioxide 
i n t o  carbon and oxygen. The flow sheet i n  Figure 1 shgws quan t i t i e s  and compo- 
s i t i o n s  of t he  gases i n  a one man capacity in t eg ra t ed  system. The minus ( - )  
s ign  i n  a block s i g n i f i e s  t h a t  t he  component i s  consumed i n  t h e  c e l l  while a 
p lus  (+) s ign  means the  component i s  produced i n  the  c e l l .  
A and B recycle  gases a r e  dependent upon the  average conversion of carbon 
The quan t i t i e s  of 
dioxide i n  the  e l e c t r o l y s i s  c e l l  and t h e  average conversion of carbon monoxide 
i n  t h e  c a t a l y t i c  r eac to r .  If a l l  of t h e  carbon dioxide which i s  i n  the  anode 
stream of the  e l e c t r o l y s i s  c e l l  i s  re turned t o  the  recycle  loop the  C02 
feed  gas r a t e  w i l l  be 0 .1  lb /hr .  However, i f  t he  oxygen-carbon dioxide separa tor  
i s  not  used and t h e  carbon dioxide is  dumped i n t o  the  cabin, t h e  C02 feed  gas 
r a t e  must be increased t o  0.3 lb/hr .  
1.1 Laboratory Studies  
Laboratory bench sca l e  t e s t s  were conducted on a l l  t h ree  processes .  The 
electrochemical  reduction c e l l  developed a number of problems due pr imar i ly  t o  
corrosion of the  c e l l  housing mater ia ls  by the  e l e c t r o l y t e  a t  1300°F. 
membrane f o r  s e l e c t i v e  oxygen permhat i on  was operated continuously for two 
months without f a i l u r e  or  shutdown. S u f f i c i e n t  design data  was obtained t o  sca l e  
A s i l v e r  
1 
r i  
W 
2 
up t o  a l a r g e r  un i t ,  bu t  b e t t e r  a l loys  a r e  required t o  improve operating l i f e  
beyond two months. 
A l a r g e  number of c a t a l y s t  were evaluated under a va r i e ty  of parameters 
i n  t h e  study of c a t a l y t i c  disproportionation of carbon monoxide t o  carbon and 
carbon dioxide. 
r a t i o  of carbon/catalyst)  w a s  found t o  be a granular  n icke l  oxide intermediate 
made by t h e  Gird le r  Catalyst  Division of t he  Chemetron Corporation and i d e n t i f i e d  
as H-219. 
da ta  w a s  obtained t o  design and bui ld  a 0.1 man capacity labora tory  model. 
The most e f f i c i e n t  c a t a l y s t  (based on a c t i v i t y  and weight 
This c a t a l y s t  w a s  t e s t e d  with d i f f e r e n t  gas mixtures and s u f f i c i e n t  
1 . 2  Laboratory-Type Cata ly t ic  Reactor 
A prototype r eac to r  was designed, constructed, and t e s t e d  f o r  t h e  d is -  
proportionation of carbon monoxide t o  carbon dioxide and carbon because t h i s  
concept w a s  t h e  most advanced of the t h r e e  studied. 
r e a c t o r  were : 
The spec i f i ca t ions  for t h i s  
1. The capacity should be equivalent t o  0.1 man capacity, i . e . ,  provide 
f o r  conversion of .010 l b  C02 Per h r  t o  -0073 I b  02 and .oo27 1b of 
carbon per hr .  The reac tor  t hus  converts .Ol27 l b  of carbon monoxide 
t o  balance t h e  generation of .OO27 l b  of carbon and .010 l b  C02 per h r .  
The average shutdown time t o  change r eac to r  c a n i s t e r s  should not exceed 
1 hour per  24 hour period. 
The amount of carbon car r ied  from t h e  r e a c t o r  c e l l  by t h e  gas stream 
i s  normally t o  be l e s s  than 0 .1  percent of t h e  carbon which i s  formed. 
2. 
3 ;  
1.3  Reactor Performance 
The c a t a l y t i c  r eac to r  performance exceeded a l l  t h r e e  of t h e  above speci- 
f i c a t i o n s .  
3 
c 
The average conversion w a s  52.1 percent of t h e  input carbon monoxide; 
thus,  0.0034 lbs of carbon and 0.0125 l b s  of carbon dioxide were produced 
pe r  hour equivalent t o  1/8 man capacity.  
The reac tor  w a s  operated continuously f o r  e i g h t  days; then  it w a s  shut 
down t o  switch r eac to r  can i s t e r s .  Four hours were spent between t h e  shut-off 
time and t h e  time a new reac to r  w a s  i n s t a l l e d  and brought t o  operating tempera- 
t u r e .  
period. 
Therefore, t h e  average r a t e  of shutdown time i s  0.5 hours per  24 hour 
No carbonwas found t o  have been swept out of t h e  r e a c t o r  during operation. 
A plug of quartz wool and 5.0 micron pore s i z e  ceramic f i l t e r  e f f e c t i v e l y  pre- 
vent carbon entrainment. 
4 
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SECTION 2 
ELECTROCHEMICAL REDUCTION OF CARBON DIOXIDE 
2.1  Background 
E lec t ro ly t i c  reduction of carbon dioxide t o  carbon monoxide and oxygen 
can be made t o  take place i n  a c e l l  i n  which t h e  e l e c t r o l y t e  i s  a molten mix- 
t u r e  of carbonates. 
high enough t o  minimize the  formation of elemental carbon on the  cathode. 
seen i n  Figure 2, low temperatures enhance the formation of carbon while a t  
temperatures near 1300°F and above the change i n  equilibrium favors  the forma- 
t i o n  of carbon monoxide which i s  subsequently converted t o  carbon dioxide and 
carbon over a su i t ab le  ca t a lys t .  
The reac t ion  must be ca r r i ed  out a t  a temperature which i s  
A s  
2 .1 .1  Reactions and Products 
The reac t ions  which take place i n  t h e  e l e c t r o l y s i s  c e l l  a r e :  
(1) Cathode ( - )  4C02 + 4e' + 2CO + 2C05 
( 2 )  Anode (+ )  2'20; -+ 02 + 2c02 + 4; 
Overall  2c02 -+ 2co + 02 
A s  explained i n  the  previous paragraph, low temperatures (< 1300°F) allow 
carbon t o  form on the  cathode according t o  the equation: 
-.  
( 3 )  3C02 + 4; j C + 2C0, and the  ove ra l l  equation becomes 
( 4 )  co2 -* c + 02' 
The purpose of operating a t  higher temperatures and forming carbon monoxide 
a t  the  cathode i s  (1) t o  el iminate  the need t o  pe r iod ica l ly  shut  down the  
5 
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Figure 2 EQUILIBRIUM FOR THE REACTION C + C02 4 2CO 
AS A FUNCTION OF TEMPERATURE 
6 
r e a c t o r  i n  order t o  remove carbon from the  e lec t rode  and ( 2 )  prevent carbon 
from being mixed with the  e l ec t ro ly t e  and shor t ing  the  c e l l .  
formed a t  t h e  cathode, according t o  equation 1, cannot be released i n t o  a manned 
environment because of t he  presence of carbon monoxide. 
a l l y  converted t o  carbon dioxide and carbon and i s  discussed i n  Sec t ion  4 of 
t h i s  r epor t .  The oxygen and carbon dioxide mixture which i s  formed a t  t h e  
anode, equation 2,  can be d i r e c t l y  returned t o  the  cabin atmosphere a t  t he  
expense of an  increase i n  the  s i z e  of the  C02 remover, o r  the oxygen and carbon 
dioxide can be separated. One such separa t ion  technique, namely s e l e c t i v e  
permeation of oxygen through s i l v e r ,  i s  discussed i n  Section 3 of t h i s  repor t .  
The products 
This can be c a t a l y t i c -  
2.1.2 E lec t ro ly t e  
The e l e c t r o l y t e  used i n  t h i s  program consisted of a mixture of 
equal q u a n t i t i e s  by weight of l i thium carbonate, sodium c a r b o a t e  and potas- 
sium carbonate p lus  a va r i ab le  quantity of magnesium oxide. 
using a mixture of carbonates i s  t o  decrease t h e  melting poin t  of t he  e l e c t r o l y t e ;  
t h e  purpose of t h e  magnesium oxide powder i s  t o  immobilize the  molten carbonates 
f o r  app l i ca t ion  i n  a weightless environment. 
of var ious  carbonates and carbonate mixtures. The reason f o r  operating with 
molten carbonates i s  that  e l e c t r i c a l  r e s i s t ance  decreases w i t h  increasing 
temperatures and t h e  molten state i s  necessary t o  t r anspor t  carbonate ions. 
Table 2 shows t y p i c a l  r e s i s t ance  values for a 1:1:1 (weight) mixture of l i th ium,  
potassium and sodium carbonates which were absorbed i n  a 1" 0.d. x 12" x 1/8" 
w a l l  porous aluminum oxide tube t h a t  had e l ec t rodes  a t tached  t o  the inner and 
o u t e r  surfaces.  
The purpose of 
Table 1 l i s t s  t h e  melting poin ts  
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Table 1 
MELTING POINT OF CARBONATE ELECTROLYTES 
COMPOUND 
Li2C03 
K2CO3 
Na2CO3 
Li2C03 
K2CO3 
Na2C03 
w 0 3  
Na2 CO 
1 part (wt) L ~ ~ C O ~  
1 part (wt) ~ 2 ~ 0 3  
1 part (wt) Nap203 
3 parts (4 Mgo 
equal portions 
by weight 
equal portions 
by weight 
equal portions 
by weight 
MELTING 
POINT O F  SOURCE 
1142 Handbook* 
1634 t t  
1562 II 
750 experimental 
900 experimental 
1300 experimental 
75 0 experimental 
*Handbook of Chemistry and Physics, 42nd Edition, The Chemical Rubber Publishing 
Company, 1960. 
Table 2 
RESISTANCE OF CARBONATE ELECTROLYTE 
Temperature OF 
280 
390 
440 
550 
700 
790 
800 
890 
Resistance - Ohms 
not measureable 
6 2 x 10 
9 105 
24 
11 
4.5 
2.1 
1.5 
A s i g n i f i c a n t  decrease i n  res i s tance  w a s  observed before the  e l e c t r o l y t e  
reached i t s  melting poin t  of 750°F. 
The v i s c o s i t y  of t he  molten carbonate mixture i s  cont ro l led  by t h e  amount 
of magnesium oxide i n  the  e l ec t ro ly t e  formulation. Original experiments 
contained 50 percent (by weight) magnesium oxide; however, t h i s  e l e c t r o l y t e  
w a s  t oo  viscous and would not s e a l  adequately t o  prevent cross leakage between 
t h e  cathode and anode gas streams. A mixture which contains between 30 t o  
35 percent magnesium oxide has a s u f f i c i e n t l y  high v i s c o s i t y  a t  1300°F so 
t h a t  it w i l l  not flow through an 80 mesh platinum screen e lec t rode ,  and i s  
s u f f i c i e n t l y  f l u i d  t o  prevent mixing of t he  cathode and anode gas streams. 
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2.1.3 W t e r i a l s  of Construction 
2.1.3.1 Cell  H o u s i x  - None of the mater ia l s  used were completely 
i n e r t  t o  t he  a t tack  of the  molten carbonates a t  1300°F; however, c e r t a i n  m a t -  
e r i a l s  minimize the  a t t ack ,  and are su i t ab le  for t e s t s  which las t  for no more 
than severa l  weeks. 
i n  contact w i t h  the  carbonate a r e  l i s t e d  below. 
The proper t ies  which a r e  required f o r  mater ia l s  which are 
1. Ine r t  t o  chemical a t t a c k  by t h e  molten carbonate 
2. Negligible e l e c t r i c a l  conduct ivi ty  a t  t h e  operat ing temperature 
3. Abi l i ty  t o  be wetted by the  molten carbonate t o  s top  gas leakage. 
Table 3 summarizes the  r e s u l t s  of t e s t s  with var ious materials. 
Table 3 
RESISTANCE OF MATERIALS TO MOLTEN CARBONATES AT 1300°F 
1. 
2 .  
3-  
4. 
5.  
6. 
7. 
8. 
Material  s 
Pyrex and Vycor 
S ta in l e s s  housing coating with various 
enamels, f r i t s ,  procelains ,  and high 
temperature ceramic coatings 
Flame sprayed aluminum oxide on 
s t a i n l e s s  s t e e l  (Rokide A )  
Nucerite (Pfaudler  Co.) 
Sol id  boron n i t r i d e  
Impervious zirconium oxide 
(Zirconium corp .  of America) 
Impervious aluminum oxide 
(MeDaniel No. AP 35) 
Porous aluminum oxide 
(Norton RA 98) 
Degree of Attack 
Severe a t t a c k  
Severe t o  moderate a t t a c k  
Severe a t t a c k  
Moderate a t t a c k  - discolor-  
a t i o n  of e l e c t r o l y t e  
Mild a t t a c k  
Minimum a t t a c k  
Minimum a t t a c k  
Severe a t t a c k  
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2.1 .3 .2  Electrodes - The following mater ia l s  were t e s t e d  f o r  
poss ib le  use as electrodes:  
1. S ta in l e s s  s t e e l  
2 .  Nickel 
3 .  S i lve r  
4. Platinum - 1% rhodium 
O f  t hese  only t h e  platinum - 1% rhodium showed no corrosion.  The rhodium i s  
added t o  platinum t o  f a c i l i t a t e  drawing a f i n e  wire from which the  wire gauze 
e lec t rode  i s  made. 
2 .2  Laboratory Tests  
The f i r s t  labora tory  model was a c e l l  with a 4 inch  1 . d .  ( e l e c t r o l y t e  
sur face  a rea  12.8 i n  ) and a 0.25 inch t h i c k  l a y e r  of e l e c t r o l y t e .  
coated s t a i n l e s s  s t e e l  c e l l  housing shown i n  Figure 3, was used, and t h e  end 
2 A ceramic 
p l a t e s  were f i t t e d  with gas por t s ,  thermocouple por t s ,  and e l e c t r i c a l  connec- 
t i o n s .  I n t e r n a l  support p l a t e s  were made from porous aluminum oxide and heat-  
i ng  elements were a t tached  t o  these  p l a t e s .  The cathode was a 80 mesh, s i l v e r  
screen, while t h e  anode was a . O O 3  inch t h i c k  s i l v e r  f o i l .  A photograph of 
t h e  labora tory  set-up i s  shown i n  Figure 4 and a flowsheet of t he  process 
i n  Figure 5 .  
2 . 2 . 1  Test No. 1 
The assembled and insu la ted  electrochemical c e l l  was preheated t o  
1000 - 1050°F over a per iod of approximately s ix teen  hours. This requi red  a 
hea ter  power of 150 t o  180 watts. Carbon dioxide was f ed  a t  a r a t e  of 0 . 5  
SCFH a t  5 ps ig .  
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Figure 3 COMPONENTS O F  ELECTROLYSIS CELL 
F i g u r e  4 PHOTOGRAPH OF ELECTROLYSIS PROCESS 
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Figure 6 TEST NO. 1, 
ELECTRICAT., CHARACTERISTICS OF ELECTROLYSIS CELL AT 1000°F 
The gas  leaving the  anode contained 28 - 30% oxygen ( t h e  s toichiometr ic  
amount i s  338). 
i n  anode gas composition before it w a s  shut  down f o r  disassembly and inspec- 
t i on .  Upon examination after t h e  c e l l  was taken apart, the  s i l v e r  f o i l  anode 
appeared t o  have separated from t h e  c e l l  housing. 
t h e  anode gas  stream. 
across t he  e lec t ro ly te .  
The c e l l  was operated f o r  two hours with no not iceable  change 
This allowed C02 t o  en te r  
An oxygen concentration below 337% indicated leakage 
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A s  shown previously i n  the  equilibrium curves i n  Figure 2, operat ion a t  
1000°F should produce carbon on the cathode. 
carbon over the  s i l v e r  screen cathode. 
inch t h i c k  and encased the  cathode. 
the c e l l  t o  see i f  t he  carbon w a s  deposited only a t  t h e  cathode or throughout 
t he  matrix. A carbon deposi t  throughout t he  e l e c t r o l y t e  could ind ica t e  a de- 
composition of t he  matrix. As shown i n  Figure 8, af ter  the  matrix w a s  broken 
open, t he  carbon had deposited only a t  the  cathode surface.  This indicated 
t h a t  t h e  carbon resu l ted  from decomposition of t he  feed C02 gas, r a t h e r  than from 
Figure 7 shows the  buildup of 
This l aye r  w a s  approximately 1/8 
The e l e c t r o l y t e  matrix w a s  removed from 
t h e  carbonate matrix.  
2.2.2 Test No. 2 
Test No. 2 w a s  a rerun of Test  No. 1 except the  operating temp- 
e r a t u r e  w a s  increased t o  1300°F. 
anode ruptured as evidenced by a rapid r i s e  i n  the  anode e x i t  gas flow. The 
anode gas contained 92% C 0 2  indicat ing leakage across  the  e l e c t r o l y t e .  Also 
curren t  leaked through the  ceramic glaze t o  the s t e e l  c e l l  housing. Subsequent 
experiments showed t h a t  a t  1300°F the ceramic glaze lo ses  i t s  e l e c t r i c a l  
i n su la t ing  proper t ies .  This run was ended a f t e r  2 hours due t o  both t h e  gas 
and e l e c t r i c a l  l eaks .  
After operating f o r  5 minutes t h e  s i l v e r  f o i l  
2.2.3 Test No. 3 
A nit rogen purge l i n e  was at tached t o  the  anode gas manifold of t he  
e l e c t r o l y s i s  c e l l  i n  t h i s  t e s t .  The purpose of f lush ing  the  anode wi th  n i t ro-  
gen w a s  t o  balance the  pressure across t h e  c e l l  and thereby prevent ruptur ing 
the  s i l v e r  f o i l  ancde. A l l .  o ther  parameters remained the  same as f o r  Test  No. 2. 
Figure 7 TEST NO. 1 
CARBON COVE€ED CATHODE. END PLATE, 
HEATER, AND SUPPORT PLATE REM3VED 
Figure 8 TEST NO. 1 
CARBON DEPOSIT ON CATHODE AND SURFACE O F  ELECTROLYTE 
I n  s p i t e  of t h e  add i t ion  of the nitrogen purge, carbon dioxide leaked 
across  the  e l e c t r o l y t e  and very l i t t l e  oxygen w a s  detected.  After the  run was 
ended, t he  s i l v e r  f o i l  anode was examined under the  microscope and found t o  be 
f u l l  of small pinholes.  
used f o r  t he  anode, s ince it i s  attacked by the  carbonate e l ec t ro ly t e ,  par t icu-  
l a r l y  when ac t ing  as a pos i t i ve ly  charged electrode.  
Subsequent corrosion t e s t s  proved t h a t  s i l v e r  cannot be 
2.2.4 Test No. 4 
This t e s t  w a s  s i m i l a r  t o  t e s t  No. 3 except 80 mesh platinum - 10% 
rhodium e lec t rodes  were subs t i tu ted  f o r  both s i l v e r  e lectrodes;  t h i s  mater ia l  
i s  not  a t tacked by the  carbonate e l ec t ro ly t e .  
used and the  operating temperature w a s  1300°F. 
w a s  ended because of gas leakage across the  e l e c t r o l y t e  and e l e c t r i c a l  leakage 
across  t h e  ceramic in su la t ion .  The anode gas contained only 2% oxygen, bu t  over 
32$ carbon dioxide with the  remainder being ni t rogen.  The cathode ex i t  gas con- 
t a ined  only 2% carbon monoxide, with the  remainder assumed t o  be carbon dioxide. 
Based on feed and purge flow rates of 0 .1  SCFH these  concentrations indicated 
d e f i n i t e  cross-leakage. After  t he  c e l l  w a s  taken apart, the  e l e c t r o l y t e  was 
found t o  have pul led away from the  c e l l  housing, forming a path f o r  gas leakage. 
The ni t rogen purge w a s  again 
The run l a s t e d  f o r  29 hours and 
2.2.5 T e s t  No. 5 
I n  t h i s  t e s t  t h e  magnesium oxide content of the  e l e c t r o l y t e  w a s  
decreased from 50 percent by weight t o  34 percent .  
t he  v i s c o s i t y  of t he  molten e l ec t ro ly t e  and thereby he lp  t o  prevent gas leakage 
across  the  e l e c t r o l y t e .  However, t he  e l e c t r o l y t e  w a s  s t i l l  not f l u i d  enough 
t o  prevent leakage. When the  c e l l  was disassembled, severa l  b o l t s  were found 
broken; t he re  was probably addi t iona l  leakage t o  the  outs ide of the c e l l .  
This w a s  done t o  decrease 
2.2.6 Test 6 
This t e s t  used a c e l l  housing machined from boron n i t r i d e  f o r  t h e  purpose 
of eliminating the  e l e c t r i c a l  s h o r t  c i r c u i t i n g  which occurs a f t e r  f a i l u r e  of t h e  cer- 
amic coating on the s t a i n l e s s  s t e e l  housing. Also t h e  magnesium oxide content of 
t h e  e l e c t r o l y t e  was reduced t o  31 percent t o  f u r t h e r  reduce t h e  e l e c t r o l y t e  v i s -  
cos i ty .  Both electrodes again were 80 mesh platinum - 10% rhodium wire gauze and 
t h e  c e l l  diameter was changed from 4.0 inches t o  3.5 inches. 
cross sec t iona l  area t o  0.067 f t  . 
from 0.25 inches to  0.5 inches. 
This reduced t h e  
2 The thickness of t h e  e l e c t r o l y t e  w a s  increased 
After t h e  c e l l  was heated t o  1300°F t h e  D.C. power f o r  e l e c t r o l y s i s  w a s  turned 
The voltage varied from 1 t o  2 v o l t s  and t h e  cu r ren t  var ied  from 2 t o  3 amps. on. 
Carbon dioxide was f e d  t o  t h e  cathode a t  0.15 CFH and n i t rogen  was purged through 
the  anode a t  0 . 1  C F " .  N o  e x i t  flow w a s  detected so an  a s p i r a t o r  w a s  connected t o  
t h e  anode and cathode o u t l e t s .  The e f f l u e n t  cathode gas contained up t o  1 5  percent 
CO bu t  most of the time it w a s  about 5 percent.  The e f f l u e n t  cathode gas contained 
up t o  24 percent oxygen and up t o  68 percent carbon dioxide; however, t h e  ma te r i a l  
and e l e c t r i c  inputs and outputs did not balance so gas leakage from outs ide  t h e  
c e l l  w a s  suspected. 
Af te r  t he  run w a s  ended and t h e  c e l l  disassembled, a l a r g e  number of cracks 
were found i n  t h e  boron n i t r i d e  c e l l  housing. The d i f f e r e n t  r a t e s  of thermal expan- 
s ion  of t h e  s t a i n l e s s  s t e e l  end p l a t e s  and t h e  boron n i t r i d e  housing probably caused 
t h e  mechanical f a i l u r e .  Also, when t h e  c e l l  w a s  taken a p a r t ,  a l a r g e  build-up of 
carbon w a s  found on t h e  cathode and i n  t h e  e l e c t r o l y t e .  Figure 9 shows t h e  carbon 
d i s t r i b u t e d  over the cathode surface. The ceramic support i n  t h e  l e f t  of t h e  photo- 
graph has been removed from t h e  cathode surface of t he  e l e c t r o l y t e ;  some of t h e  
cathode mesh and a small amount of the white e l e c t r o l y t e  adhered t o  t h e  lower ha l f  
of the  support. Figure 10  shows the  depth of pene t r a t ion  of carbon extending from 
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7 CLTiiODE 
F igure 9 TEST NO. 6 
CARBON FORMATION ON CATJ3ODE 
Figure 10  CARl3ON BUILD-UP WITHIN ELECTROLYTE 
t he  cathode through the  e l e c t r o l y t e  t o  the  anode. This occurred even though t h e  
operating temperature w a s  1300°F, which i s  considered t o  be s u f f i c i e n t l y  high t o  
minimize the  formation of carbon. 
from physical buildup of carbon a t  t h e  cathode whrich then forced i t s  way through 
the semi-solid e l ec t ro ly t e .  This w a s  t he  l as t  t e s t  with the f l a t  p l a t e  design. 
This carbon i n  t h e  e l e c t r o l y t e  appeared t o  come 
2.3 Other Configurations 
Two a l t e r n a t e  design approaches were evaluated i n  an attempt t o  overcome 
leakage due t o  thermal expansion of component p a r t s  of the  c e l l ,  leakage due t o  
i n s u f f i c i e n t  seal ing between the  e l e c t r o l y t e  and t h e  c e l l  housing, and e l e c t r i c a l  
sho r t  c i r cu i t i ng .  The f i r s t  was t o  impregnate a porous alundum tube with molten 
carbonates. This proved unsa t i s fac tory  f o r  two reasons : (1) t h e  molten carbonate 
exudes out of the pores, leaving paths f o r  gas  leakage and, ( 2 )  t h e  molten car- 
bonate severely at tacked the  porous aluminum oxide a t  e levated temperatures 
causing t h e  tube t o  l o s e  i t s  s t r u c t u r a l  s t rength .  
The o ther  approach considered w a s  t o  coat  a tubu la r  shaped wire gauze 
electrode with a l a y e r  of e l ec t ro ly t e .  I n  t h i s  method the  e l e c t r o l y t e  would have 
t o  be s e l f  supporting between two e lec t rodes .  The e l e c t r o l y t e  could be appl ied 
i n  t h e  molten s t a t e ;  however, when the  assembly w a s  cooled t o  room temperature, 
t he  e l e c t r o l y t e  s o l i d i f i e d ,  cracked, and then peeled away from the  
e lec t rode .  Thermal cont rac t ion  w a s  t he  cause of the  cracking and subsequent 
peeling. These two approaches then were eliminated from f u r t h e r  considerat ion.  
Due t o  increased emphasis on the f ab r i ca t ion  and operating of t he  c a t a l y t i c  
r eac to r  for carbon monoxide disproport ionat ion,  no add i t iona l  i nves t iga t ion  w a s  
conducted on the carbonate e l e c t r o l y s i s  c e l l .  
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2.4 Conclusion 
The p r inc ip l e s  and concepts of using a high temperature carbonate e l ec t ro -  
chemical c e l l  t o  reduce carbon dioxide t o  carbon monoxide and oxygen were ve r i -  
f i e d  i n  severa l  c e l l s  which were constructed and operated. 
remain t o  be solved before t h i s  system becomes opera t iona l  a r e :  
The problems which 
1. Obtaining ma te r i a l s  of construction which withstand the  a t t a c k  of t h e  
carbonates over a long period of time. 
Preventing the  formation of carbon on t h e  anode (Operation a t  higher 
temperatures favor  t h e  formation of carbon monoxide). 
Obtaining gas- t igh t  seals between t h e  c e l l  support and t h e  e l e c t r o l y t e .  
2 .  
3.  
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SECTION 3 
THE SELECTIVE PERMEATION OF OXYGEN THROUGH SILVER 
3.1 Background 
S i lve r  and c e r t a i n  s i l v e r  a l loys  have t h e  unique property of being 
se l ec t ive ly  permeated by oxygen; t h a t  i s ,  s i l v e r  a c t s  as a membrane which 
a l l o w s  on ly  t h e  passage of oxygen and holds back a l l  o ther  gases.  This i s  
similar t o  t he  phenomena of hydrogen d i f fus ion  through palladium and palladium 
a l loys .  
The phenomenon i s  not completely understood; however, t he  following 
mechanisms a r e  believed t o  take place i n  the  d i f fus ion  process. 
1. 
2. 
3. 
4. 
5. 
Oxygen gas dissolves  i n  the  metal. 
Molecular oxygen d i s soc ia t e s  i n t o  atomic oxygen. 
The atoms pass through the  i n t e r s t i t i a l  s i t e s  of the c r y s t a l  
l a t t i c e  r a the r  than along g ra in  boundaries. 
The atoms recombine t o  form molecules and leave the  surface of t he  
membrane. 
The dr iving force i s  a gradient  of t h e  partial pressure of oxygen 
and i s  proportional t o  ( P )  1/2 . 
An equation for t he  r a t e  of oxygen d i f fus ion  can be wr i t t en  as: 
where Q i s  the  r a t e  of gas diffusion,  (cm3/hr STP) 
K i s  a d i f fus ion  constant which i s  dependent upon the  gas-metal ( a l l o y )  system 
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n 
is the area of the membrane (emc) 
is the thickness of the membrane (cm) 
is the partial pressure of the permeating gas on the feed stream 
side (mm Hg) 
is the partial pressure of the permeated gas on the low pressure 
side (mm Hg) 
is the base of natural logarithms 
is the energy of diffusion (gram calories per gram-atom) 
is the gas constant 
is the absolute temperature ( O K ) .  
From this equation, it is apparent that the rate of permeation can be 
increased by decreasing the thickness of the membrane, increasing the oxygen 
pressure differential, and by increasing the temperature. These parameters 
can be varied within the following limits. 
1. 
2. 
3. 
4. 
The rate of diffusion is fixed by the design capacity of the system, 
i.e., the number of men. 
Minimum membrane thickness at the present time appears to be approx- 
imately 0.025 mm ( . O O l " )  for flat stock and 0.125 mm (.OO5") for tubes. 
P1 is determined by the inlet total pressure, composition, and feed 
rate. 
P2 is determined by the downstream total pressure, and diluent flow. 
rate, if a gas such as nitrogen is used to flush this side of the 
membrane. 
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5.  The t o t a l  pressure d i f f e r e n t i a l  i s  l imi t ed  by t h e  s t r eng th  of t h e  
membrane and/or membrane support a t  t h e  operating temperature. 
6. The l imi t ing  temperature i s  t h a t  which approaches t h e  melting po in t  
of the membrane of brazing a l loys  ( i f  any) used i n  construction. 
The most serious d i f f i c u l t y  wi th  t h i s  process i s  t h e  formation of pin- 
holes along the g r a i n  boundaries of t he  membrane. These holes appear a f t e r  
continuous operation a t  elevated temperatures, and appear t o  be r e l a t e d  t o  
g r a i n  growth and a n  accompanying increase i n  s i z e  of the g r a i n  boundary. 
Some ma te r i a l s  d e t e r i o r a t e  wi th in  a day while o the r s  have been operated 
continuously fo r  severa l  months before f a i l i n g .  
3.2 Experiments and Results 
The experiments were divided i n t o  two types, namely, (1) determination 
of mater ia l s  which would withstand the operating conditions without pre- 
mature f a i l u r e ,  and ( 2 )  operation of a c e l l  t o  determine permeation r a t e s .  
3.2.1 Material Se lec t ion  
Original t e s t s  were conducted wi th  t h e  membrane used as t h e  anode 
i n  t h e  molten carbonate e l e c t r o l y t i c  c e l l .  This would have had the  advantage 
of increasing the r a t e  of oxygen d i f fus ion  because as soon as oxygen atoms 
were formed i n  t h e  e l e c t r o l y t i c  reac t ion ,  they could have started t o  d i f f u s e  
through t h e  membrane. Unfortunately the s i l v e r  w a s  severely a t tacked .  The 
r eac t ion  which probably took place w a s :  
- 
2 Ag + CO; + Ag2C03 + 2e- Eo -0.47 v 
Photomicrographs of t y p i c a l  pinholes which were formed a r e  shown i n  Figures 11 
and 12. 
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Figure 11 HOLE FROM ELECTROLYTIC CORROSION I N  SILVER ELECTRODE (150X) 
Figure 12 PINHOLES I N  SILVER ELECTRODE (l5OX) 
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Next a s i l v e r  membrane w a s  t e s t ed  as an oxygen d i f fus ion  membrane without 
being i n  contact with the  carbonate e l e c t r o l y t e  and without serving as an 
electrode.  
x 0.4" diameter, wi th  a 0.004" w a l l .  
s i l v e r  brazed t o  the  tube. 
1 5  ps ig  in t e rna l  pressure and w a s  found t o  be f r e e  from leaks .  
The membrane w a s  a tube made from 99.99% pure s i l v e r ,  5.5" long 
A feed gas  manifold and end cap were 
The assembly w a s  t e s t e d  a t  room temperature a t  
Next, the  c e l l  w a s  slowly heated from room temperature t o  1300°F over a 
period of 3 days. 
tube t o  2" H20. 
The ni t rogen pressure then w a s  increased t o  one ps ig  and a l a r g e  volume of gas 
came through the s i l v e r  tube. The u n i t  w a s  shut down, disassembled, and in- 
spected. A l a rge  number of microscopic p i n  holes  were found i n  the  s i l v e r  tube; 
a l so ,  t h e  surface of t he  s i l v e r  had a c r y s t a l l i n e  g r a i n l i k e  appearance. This 
indicated t h a t  e i t h e r  corrosion or changes i n  c r y s t a l  s t ruc tu re  were probably 
responsible  f o r  the  leaks .  
Nitrogen w a s  used t o  pressur ize  t h e  in s ide  of t he  s i l v e r  
The c e l l  d i d  not l eak  when l e f t  overnight i n  t h i s  condition. 
Microscopic examination showed l a rge  g r a i n  growth when the  mater ia l  w a s  
compared t o  a tube which had not been heated (Figures  13 and 14); t he  majori ty  
of the  pinholes were found along g ra in  boundaries. 
which included examining ex i s t ing  l i t e r a t u r e  and contact ing precious metal 
f a b r i c a t o r s  t o  f i n d  a method f o r  cont ro l l ing  g r a i n  growth and pinhole formation. 
Based on the  r e s u l t s  of the  search, an a l l o y  w a s  t e s t e d  which contained 3% 
palladium - 97s s i l v e r ,  and afterwards,  an a l l o y  which contained s i l v e r  with 
t r a c e  amounts o f  magnesium and n icke l  ( a l l o y  15065 ). 
A search w a s  undertaken 
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Figure 13 HIGH RTRlTy SILVER TUBE AS FECEIVED FROM EWJtTFACTURW (l5QX) 
Samples of these a l loys  were subjected t o  various combinations of gaseous 
atmospheres, temperature, hold time, and cooling r a t e s  i n  order t o  compare t h e  
g ra in  growth t o  t h a t  of high p u r i t y  s i l v e r .  
s i l v e r  a l l o y s  a f t e r  undergoing t e s t s  a r e  shown i n  Figures 1 5  through 24. 
Photomicrographs of s i l v e r  and 
Since ne i ther  the si lver-palladium a l l o y  nor the  s i l v e r - t r a c e  Mg-Ni a l l o y  
showed the  la rge  g r a i n  growth t h a t  high p u r i t y  s i l v e r  exhib i t s ,  tubes were 
fabr ica ted  from these  a l loys .  
3.2.2 Test Procedure 
The f l o w  sheet  i n  Figure 25 shows t h e  labora tory  set-up which w a s  
used t o  t e s t  the oxygen d i f fus ion  concept and t o  obta in  r a t e s  of oxygen permea- 
t i o n  with varied parameters. 
t he  gas w a s  fed through a tube t o  the  bottom of the  d i f fus ion  tube, along the  
w a l l s  of the  tube, and out through a po r t  a t  the  top  of t he  c e l l .  A valve (1) 
i n  the  feed gas e x i t  l i n e  control led the i n t e r n a l  pressure.  
stream) s ide  of t he  d i f fus ion  c e l l  w a s  f lushed with ni t rogen,  t o  cont ro l  t he  
oxygen p a r t i a l  pressure during long durat ion continuous runs.  
the  t o p  of t h e  manifold, passed along the  e x t e r i o r  w a l l  of t he  d i f fus ion  c e l l  
and l e f t  t he  manifold. I n  tes ts  where ni t rogen w a s  not used, e x i t  gas co l lec ted  
i n  a gas bu re t t e  t o  measure the  increase i n  gas volume as a func t ion  of time 
(va lve  2 closed, valve 3 open). When continuous runs were conducted with a 
ni t rogen f lu sh ,  t he  gas ex i ted  through valve 2 (valve 3 c losed)  and samples 
were taken and analyzed with a gas chromatograph. 
w a s  determined from nit rogen flow r a t e  p lus  gas  ana lys i s  da ta .  
The feed gas flow w a s  measured with a rotameter;  
The manifold (down- 
Nitrogen fed  t o  
The r a t e  of oxygen permeation 
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Figure 15 HIGH PURITY SILVER TUBE AF!I%R HEATING TO 1300°F, 
LOW CORROSION AREA (150x) 
Figure 16 HIGH PURITY SILVER .TUBE PLACED IN 1300" F FURNACE 
FOR 2 HOURS, FOLLOWED BY WATER QUENCH (15ox) 
Figure 18 HIGH PURITY SILVER TUBE SLOWLY HEATED TO 1300°F, 
HELD AT 1300°F FOR 40-1/2 HOURS, FURNACE COOLED (150X) 
Figure 17 HIGH PURITY SILVER TUBE PLACED IN 1300°F FURNACE 
FOR 21 HOURS, THEN COOLED I N  A I R  ( l5OX) 
Figure 1-9 HIGH PURITY SILVER TUBE PLACED I N  1300°F FURNACE FOR 
89 HOURS UNDER NITROGEN ATMOSPHERE - FURNACE COOLED 
( 15ox ) 
Figure 20 HIGH PTJRITY SILVER TUBE PLACED IN 1300°F FURNACE FOR 
89 HOURS UNDER NITROGEN ATMOSPHERE - WATER QUENCH 
(1-5ox) 
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Figure 21 ALLOY OF 3% PALLADIUM-BALANCE SILVER 
AS RECEIVED FROM MANUFACTURER (150~) 
Figure 22 ALLOY OF 3% Pd-BAL,ANCE SILVER PLACED IN 1250' - 1430'F FURNACE 
FOR 165 HOURS FOLLOWED BY WATER QUENCH (150x1 
Figure 23 ALLOY 15065 A S  RECEIVED FROM MANUFAC- (l5OX) 
Figure 24 ALLOY 15065 PLACED I N  1250°F FURNACE FOR 114 HOURS 
FOLLOWED BY WATER QUENCH (l5OX) 
33 
LLL c 
I- 
w 
R! 
3 
m 
v) s 
The permeation tube, as shown in  Figure 26, consisted of a s i l v e r  a l loy  
tube with a s i l v e r  plug brazed on one end and a s t a i n l e s s  manifold on the  other  
end. 
x 0.4 
12" long x Ol5" d ia  x 0.0085" w a l l .  
1.0" 0.d. x 18" long Vycor tube i s  shown i n  Figure 27. 
thermocouples used t o  ind ica te  t h e  wall temperature of the s i l v e r  a l loy  c e l l .  
The Vycor manifold f i t s  ins ide  a cy l indr ica l  e l e c t r i c  hea te r  which i s  covered 
with thermal insu la t ion .  
The c e l l  made from the  a l l o y  3% Pd - 97% Ag consisted of a tube 12" long 
d ia  x 0.005" w a l l ,  t h e  c e l l  made from a l loy  15065 consis ted of a tube 
A photograph of the  c e l l  ins ide  of the 
Also shown a re  the  
3.2.3 Results 
Oxygen permeation through t h e  376 palladium - 97% s i l v e r  a l l o y  
tube, which i s  described i n  Section 3.2.2, w a s  not detectable  under the  follow- 
i n g  conditions:  
1. Temperature 900" - 1330'F 
2 .  Feed gas 99.8% oxygen 
3. Manifold gas 99.99% nitrogen 
This tube w a s  operated f o r  th ree  weeks before a l eak  developed a t  one end of 
t h e  s i l v e r  solder  j o i n t s .  A spare tube w a s  operated f o r  f i v e  days before 
f a i l u r e .  Again no permeation w a s  detected. After  another leak  developed t h e  
run w a s  terminated. 
A new assembly, as described i n  Sect ion 3.2.2, w a s  constructed from s i l v e r  
a l l o y  15065. 
r a t e  of oxygen permeation was grea te r  than the  l i t e r a t u r e  values for pure 
s i l v e r .  
This tube w a s  operated without f a i l u r e  f o r  two months and t h e  
During the  run, leak  checks were performed per iodica l ly  t o  confirm 
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Figure 26 SILVER ALLOY PERMEATION TUBE WITH END C A P  AND FEED GAS MANIFOLD 
Figure 27 PERMEATION TUBE ASSEMBLED I N S I D E  OF VYCOR MANIFOLD 
WITCH GAS DELIVERY TUBES AND THERMICOUPLES 
t h a t  t h e  oxygen flow w a s  by diffusion and not leakage. 
by f lush ing  both s ides  of the  membrane with nitrogen, applying a pressure 
d i f f e r e n t i a l  and observing i f  there  w a s  any decrease i n  pressure on t h e  high 
pressure s ide .  
This was  accomplished 
The temperature of opera t ion  and t h e  feed gas composition were var ied  
during t h e  run i n  order t o  obta in  design information. 
pos i t i ons  were 99.8% pure oxygen and a mixture containing 33.2% oxygen - 66.8% 
carbon dioxide; the  temperature was varied from 1300" t o  1400"F, t h e  high 
l i m i t  of operation determined by t h e  melting poin t  of t he  s i l v e r  brazing a l l o y  
used i n  t h e  construction of t h e  c e l l .  
i n  Table 4. 
published by o ther  researchers .  This i s  a t t r i b u t e d  t o  the  use of 
an  a l l o y  of s i l v e r  ins tead  of pure s i l v e r .  The same phenomenon i s  known t o  
take  place i n  t h e  hydrogen-palladium system; i . e . ,  c e r t a i n  a l loys  of palladium 
allow g r e a t e r  r a t e s  of hydrogen permeation than pure palladium. 
The two feed gas com- 
The r a t e s  of oxygen permeation a r e  shown 
The r a t e s  of permeation with the  t e s t  c e l l  a r e  g r e a t e r  than those 
Af te r  two months of continuous operation a l e a k  w a s  suspected when a 
t r a c e  of carbon dioxide from the  feed gas appeared i n  t h e  gas stream of permeated 
oxygen and nitrogen. The c e l l  w a s  turned of f  and disassembled, and t h e  s i l v e r  
a l l o y  tube w a s  pressurized wi th  a i r  and placed i n  a water ba th .  A l a r g e  number 
of extremely s m a l l  l eaks  were found over t h e  e n t i r e  surface of the  s i l v e r  a l l o y  
tube. Subsequent microscopic examination confirmed t h a t  cracks had developed 
along the  g r a i n  boundaries of the  alloy. Photomicrographs of t he  sur face  
a f t e r  t he  2 month run a r e  shown i n  Figures 28 and 29. 
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Figure 28 SILVER ALLOY 15065 AFTER 2 MONTHS OPERATION 
I N  THE TEMPERATUFE RANGE 1300" - 1400°F 
AREA 1 ( l 5 O X )  
Figure 29 SILVER ALLOY 15065 AFTER 2 kl3l'IXS OPERATION 
I N  T H E  TEMPERATURE RANGE 1300" - 1400'F 
A N A  2 ( l 5 O X )  
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3.3 Conclusion 
The separat ion of oxygen from carbon dioxide w a s  achieved on a continuous 
b a s i s  over an extended period of t i m e .  The use of a s i l v e r  a l l o y  which contains  
t r a c e  quan t i t i e s  of n icke l  and magnesium yie lded  higher  rates of permeation 
than the  reported r e s u l t s  f o r  pure s i l v e r .  
f u r t h e r  improved by (1) t h e  use of membranes with th inne r  w a l l s ,  ( 2 )  operat ion 
The r a t e  of permeation can be 
a t  a higher  temperature, and ( 3 )  development of more e f f e c t i v e  a l l o y s .  
The w a l l  th ickness  of tubes f ab r i ca t ed  from t h i s  a l l o y  can probably be 
decreased a s  more experience with t h i s  a l l o y  i s  obtained. The temperature 
during t h e  t e s t s  w a s  l imi t ed  t o  1400°F because of t h e  melting po in t  of t he  
brazing a l l o y  which was used; however, i f  the necessary f i t t i n g s  had been 
welded, t h e  operating temperature could have been increased t o  values approach- 
ing the  melting poin t  of s i l v e r  (1760"~). 
The problem of increasing t h e  operat ing l i f e  requi res  t h e  development of 
an  improved s i l v e r  a l loy ,  which may a l s o  increase  t h e  rate of permeation. 
This phenomenon was observed i n  t h e  improvement of both operat ing l i f e  and 
permeation ra te  when a l l o y  15065 w a s  subs t i t u t ed  f o r  pure s i l v e r .  
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I .  
SECTION 4 
CATALYTIC DISPROPORTIONATION OF CARBON MONOXIDE 
The equilibrium of the reaction 2 CO -+ C02 + C is dependent upon temp- 
erature as shown in Figure 30; however, the rate of reaction is extremely slow 
unless a suitable catalyst is present. kiterials which are known to function 
as catalysts for this reaction include nickel, iron and cobalt. The primary 
phases of investigation of this process consisted of (1) a literature survey 
reviewing the present state of the art, (2) catalyst evaluation to determine 
conversion efficiencies and carbon to catalyst ratios under various parameters, 
and (3) design, construction, and operation of a prototype reactor (Section 5). 
4.1 Parameters 
The variables which were tested during this program included: 
(1) Feed gas CO:CO2 ratios: 1:0, 1:1, 1:9, by volume 
(2) Temperature 600 - 1600"~ 
( 3 )  Catalyst form: granules, strips, felt, and wool, plus powders supported 
on alumina or quartz wool. 
Flow rate: 4 - 50 std Cm (STP) per min em 3 2 (4) 
( 5 ) Pressure : 1 atmosphere 
The specific objectives were to achieve maximum CO conversion, and high 
weight ratio of carbon formed to catalyst required. 
4.2 Laboratory Set-Up 
The flow sheet in Figure 31 and the photograph in Figure 32 show the lab- 
oratory set-up which was.used for evaluation of catalysts. 
t 'F 
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Figure 30 EQUILIBRIUM FOR THE REACTION C + C 0 2  -+ 2 C O  
AS A FUNCTION OF TEMPERATURE 
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Figure 31 SCHEMATIC DIAGRAM OF LABORATORY CATALYSIS EXPERIMENTS 
Figure 32 PHOTOGRAPH OF LABORATORY CATALYSIS APPARATUS 
43 
The gas mixture w a s  f e d  from a pre-mixed,, analyzed gas  cylinder,  through 
a needle valve and rotameter t o  t h e  r eac to r .  The gas stream leaving t h e  r eac to r  
passed through a dry-ice t r a p  and then t o  continuous in f r a red  ana lyzers  f o r  
measurement of carbon monoxide and cafbon dioxide concentrations.  A dry-ice 
t r a p  w a s  needed f o r  removal of n icke l  carbonyl which formed when some types of 
nickel were being evaluated a t  lower temperature; t h e  carbonyl i n t e r f e r e d  wi th  
readings on the CO analyzer.  
temperatures near 1000°F; t he  presence of carbonyls i s  undesirable s ince  they are 
The formation of carbonyls w a s  not de tec ted  a t  
extremely toxic.  
4.2 Forms of Cata lys t s  
4.3.1 P e l l e t s  
The o r i g i n a l  form of c a t a l y s t  t e s t e d  w a s  1/8" c y l i n d r i c a l  p e l l e t s  
of n icke l  on alumina (Harshaw Ni-0707). 
with 100 percent carbon monoxide feed.* 
expanded t o  several  times t h e i r  o r i g i n a l  s i z e  because of t h e  i n t e r n a l  build-up 
The maximum conversion w a s  30 percent 
When t h e  run w a s  ended, t he  p e l l e t s  had 
of carbon. 
4.3.2 S t r ip s  
Nickel, cobalt  and s t e e l  metal c a t a l y s t s  were t e s t e d  as bundles 
cons is t ing  of twenty-five 2-1/2" long x 1/4" wide x 0.025" t h i c k  s t r i p s .  
Nickel and cobalt showed a maximum conversion of 3 percent whereas type 1018 
and 1095 s t e e l s  reached a conversion i n  t h e  range of 50 t o  60 percent wi th  a 
feed gas of 100 percent carbon monoxide and a flow of 8 cm3/min - cm . This 2 
*In a l l  of the t e s t  r e s u l t s  described i n  t h i s  repor t ,  percent conversion = 
(amount of CO converted x 100)/(amount of CO f e d ) .  
conversion decreased as carbon formed on the surface.  After the  carbon w a s  
removed and f r e s h  surface was exposed t h e  conversion recovered t o  approximately 
10 percent.  This indicated t h a t  surface oxides formed influenced the c a t a l y t i c  
reac t ion .  
i t s  a c t i v i t y  a f t e r  each carbon removal process, a highly e f f i c i e n t  system could 
be designed because the  ca t a lys t  would be reusable.  
If a f l a t  c a t a l y t i c  surface could be prepared which would maintain 
4.3.3 Granules and Powders 
The ca t a lys t  configuration used most f requent ly  was e i t h e r  granu- 
lar  o r  powdered with the  c a t a l y s t  res t ing  on a f i n e  s t a i n l e s s  steel screen. 
This form w a s  easy t o  handle, and permitted rapid t e s t i n g  and comparison of a 
v a r i e t y  of ca ta lys t s .  
4.3.3.1 High Surface Area Fyrophoric Powders - Several attempts 
were made t o  use high surface a rea  metals i n  order t o  expose as much area  per  
given weight of c a t a l y s t  as possible.  The f i r s t  high surface a rea  powders 
were made by decomposing metal formates or oxalates  under an atmosphere of 
hydrogen, argon, or carbon dioxide. Nickel, cobalt ,  and i r o n  powders were 
prepared by t h i s  method. O f  these,  nickel  cons is ten t ly  yielded conversions 
g r e a t e r  than 90 percent with pure CO feed, although t h i s  w a s  general ly  f o r  a 
shor t  t i m e  because the  surface would become coated with carbon. Cobalt powder 
w a s  s l i g h t l y  less ac t ive  than nickel while i r o n  powder yielded a maximum con- 
vers ion of 70 percent.  Attempts were made t o  obtain s t i l l  g rea t e r  conversion 
by using Raney metals. These are high poros i ty  and high surface a rea  metals 
prepared from a l loys  of t he  metals with aluminum. To a c t i v a t e  the  ca t a lys t ,  
t he  aluminum i s  leached with a solut ion of sodium hydroxide, washed, and s tored 
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under an  i n e r t  atmosphere. These c a t a l y s t s  are extremely pyrophoric and 
may explode on contact with air  a t  room temperature. 
i s  adsorbed on the  surface of t h e  c a t a l y s t  and t h i s  caused problems during 
some of t h e  t e s t s  because as t h e  c a t a l y s t  was being heated, t h e  hydrogen w a s  
desorbed and caused a rap id  pressure r i s e  i n  t h e  r eac to r .  This i n  t u r n  blew 
out t h e  end stoppers of t h e  reac tor ,  a i r  entered, and t h e  c a t a l y s t  bed exploded. 
The maximum conversions obtained with the  Raney c a t a l y s t s  approximated 95 per- 
cent, s l i g h t l y  higher than wi th  powders prepared from decomposition of formates. 
However, t h e  pyrophoric and explosive nature of Raney c a t a l y s t  excluded them 
from f u r t h e r  consideration f o r  t h i s  system. 
A l a r g e  volume of hydrogen 
4.3.4 F e l t s  and Wools 
Nickel i n  the  form of a f e l t  w a s  evaluated. This mater ia l  showed 
l i t t l e  c a t a l y t i c  a c t i v i t y .  Also various grades of commercial s t e e l  wool were 
used. These ca t a lys t  y ie lded  conversions which were not as high as t h e  high 
sur face  a rea  powders, bu t  t h e  s t e e l  wools would maintain a high conversion f o r  
a much longer time. 
evaluated i n  t h i s  form. 
Cobalt w a s  not obtained as a wool or f e l t  and w a s  not 
The advantage o f  t he  wool form of c a t a l y s t  i s  t h a t  t h e  c a t a l y s t  can be 
dispersed throughout t h e  reac tor ,  thereby providing space f o r  accummulation 
of carbon. For some runs, a powdered c a t a l y s t  w a s  coated on quartz wool; t h i s  
proved t o  be a s a t i s f a c t o r y  way of loading t h e  c a t a l y t i c  r eac to r ,  because a 
high percent conversion could be obtained and t h e  wool would prevent a rapid 
increase  i n  pressure drop as t h e  carbon w a s  formed. 
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4.4 Optimum Cata lys t  
O f  a l l  the c a t a l y s t s  t e s t e d  t h e  bes t  one for t h e  d ispropor t iona t ion  of 
carbon monoxide t o  carbon dioxide and carbon w a s  found t o  be a n icke l  oxide 
c a t a l y s t  which i s  manufactured by the  Chemetron Corp., and i s  i d e n t i f i e d  as 
Gird ler  H-219 nickel c a t a l y s t .  This mater ia l  i s  100 percent nickel oxide 
and i s  used as an  intermediate i n  the prepara t ion  of other Gi rd le r  c a t a l y s t s ;  
4.4.1 Girdler  H-219 Cata lys t  
The H-219 n icke l  oxide provided a maximum CO conversion equal t o  
t h a t  of t he  high surface area powders, and operated wi th  a lower rate of de- 
crease i n  conversion. 
between the  n icke l  oxide and carbon monoxide which y i e l d s  n icke l  and carbon 
The o r i g i n a l  high conversion w a s  a t t r i b u t e d  t o  a r eac t ion  
dioxide.  On completion of t h e  reac t ion  t h e  elemental n icke l  formed a c t s  as a 
c a t a l y s t  f o r  disproportionation; t h e  a c t i v i t y  of t he  n icke l  formed i n  t h i s  manner 
appeared g r e a t e r  than the  o the r  nickel c a t a l y s t s  which were t e s t e d .  This po in t  
dioxide i n  time w a s  usua l ly  ind ica ted  by a sharp f l u c t u a t i o n  i n  e f f l u e n t  carbon 
concentration. Once t h e  conversion drops t o  t h i s  l e v e l  it holds steady o r  
decreases slowly f o r  a much longer period of time than  f o r  any o ther  ea -a lys t .  
To prevent premature shut down of a run because of an excessive increase 
i n  pressure  drop from carbon build-up, t h e  c a t a l y s t  w a s  dispersed i n  t h e  
r eac to r  by (1) using a multi- layer ca t a lys t ,  or ( 2 )  using a quartz wool c a r r i e r  
t o  d isperse  the  c a t a l y s t .  The l a t t e r  of t hese  methods w a s  used i n  t h e  prototype 
c a t a l y t i c  r eac to r .  
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4.5 Test Results 
A summary of all the catalyst evaluations'is given in Table 5. The test 
conditions, the maximum conversions, and ratio of carbon to catalyst are given 
for most of the tests. During some of the original tests, only the conversion 
was determined; therefore, no values are shown for carbon/catalyst ratio. 
As the catalytic disproportionation progresses, some of the surface of 
the catalyst is coated with carbon and becomes ineffective as a catalyst. 
This causes a gradual decrease in the conversion; therefore, in designing cata- 
lytic hardware, a representative average conversion must be used. Plots of this 
phenomenon are shown for two feed gas compositions and two flow rates in Figure 
33. Fluctuations in temperature are believed to be partially responsible for 
some of the rapid change in conversion which is shown during a run. 
the catalyst evaluation some of the runs were terminated because the pressure 
During 
drop had increased to at least 3 psi rather than because conversion decreased. 
This was partially overcome by splitting the catalyst into several layers. 
conversions of three layer catalyst tests are shown in Figure 34. 
The 
4.6 The Effect of Parameters 
The operating system parameters affect the catalytic disproportionation 
reaction in various ways as described in the following discussion. 
4.6.1 Feed Gas Composition 
The concentration of carbon monoxide directly effects the conver- 
sion of CO to CO2. Several catalysts which provided conversions approaching 
90 percent with a 100 percent CO feed, gave only 30 to 40 percent conversion 
with a 50% CO feed. The effect of three feed gas compositions on the H-219 
catalyst was noted previously in Figure 33. 
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Table 5 S W Y  0 CATPlLYTIC DISPROPORTIONATION T&TS 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10  
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12 
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I8 
l 9 A  
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1% 
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x r i p s  
I, I, n 
:obalt or Nickel S t r i p  
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cade 0 S t e e l  Yml 
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'eed Ga 
ereent 
?&r 
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50 
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50 
lo0 
50 
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- 
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')OolooO 
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&a 
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5CO-looO 
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4.6.2 Temperature 
The optimum temperature v a r i e s  f o r  d i f f e r e n t  c a t a l y s t s  and the  
form of the  ca t a lys t .  Highly act ive c a t a l y s t  worked a t  temperatures as low 
as 600"~; however, t he  b e s t  overa l l  temperature appears t o  be between 905" 
t o  1050°F f o r  the H-219 c a t a l y s t .  
4.6.3 Form 
The form of t he  ca t a lys t  s i g n i f i c a n t l y  inf luences the  a c t i v i t y  
of the  c a t a l y s t .  When the  ca t a lys t  i s  i n  the  form of f e l t ,  wool, o r  s t r i p s ,  
i r o n  exh ib i t s  the  g r e a t e s t  a c t i v i t y  and nickel  i s  almost inac t ive ;  however, 
when powders o r  granules a r e  used, both nickel  and cobal t  a r e  more ac t ive  
than  i ron .  The form a l s o  e f f e c t s  the conversion and the  r a t i o  of carbon t o  
c a t a l y s t .  For example, when s t e e l  i s  i n  the  form of a f l a t  s t r i p  the  conver- 
s ion  and r a t i o  of carbon t o  ca t a lys t  are lower than t h e  conversion and r a t i o  
obtained from s t e e l  wool. 
4.6.4 Flow Rate 
A s  shown i n  Figures 33 and 34, t he  slower flow r a t e  (50 cc/min) 
y i e l d s  a higher percent conversion than the  higher flow r a t e  (100 cc/min). 
However, t h e  higher flow r a t e  produces a higher r a t e  of carbon formation. 
4.6.5 Pressure 
Theoret ical ly ,  an increase i n  pressure w i l l  increase t h e  conver- 
s ion  because a t  any given temperature the  r eac t ion  2 CO --+ 
equilibrium constant defined by : 
C O P  + C has an 
55 
A t  higher pressures a feed gas composed of a 1:l mixture of carbon monoxide - 
carbon dioxide i s  f u r t h e r  from equilibrium than  it i s  a t  one atmosphere 
and therefore  has a g r e a t e r  dr iv ing  f o r c e  toward equilibrium. 
4.7 Conclusion 
After evaluating many types and forms of c a t a l y s t s ,  t h e  b e s t  one w a s  found 
t o  be Gird le r  H-219 n icke l  oxide. This c a t a l y s t  can be dispersed throughout 
a matrix of quartz wool t o  immobilize it f o r  weightless conditions and t o  
allow space f o r  carbon build-up. This p a r t i c u l a r  c a t a l y s t  appears t o  be t h e  
l e a s t  a f f e c t e d  by changes i n  feed gas composition when compared t o  t h e  o the r  
c a t a l y s t s  which were t e s t e d .  
obtained with H-219 and 100 percent carbon monoxide feed  gas .  
Ratios of carbon t o  c a t a l y s t  of 1 4 . 5 : l  have been 
When the  feed  
gas composition w a s  decreased t o  50 percent, t h e  r a t i o  decreased t o  1 O : l  and 
when t h e  feed contained 10 percent carbon monoxide t h e  r a t i o  f e l l  t o  l . 5 : l .  
Higher r a t i o s  could be obtained by simply leaving t h e  r eac t ion  run f o r  a longer 
time; however, near t h e  end of a run t h e  degree of conversion had usua l ly  f a l l e n  
t o  below 20 percent o r  t he  run had ended because of excessive pressure  drop 
caused by carbon build-up. 
w a s  obtained during one t e s t  wi th  Raney n icke l  bu t  t h i s  run could not be 
dupl i c a t  e d . 
A r a t i o  of carbon t o  c a t a l y s t  of approximately 3 O : l  
SECTION 5 
CATALYTIC REACTOR FABRICATION AND TESTING 
5.1 System Design 
5.1.1 Capacity 
The composition of the gas entering the catalytic reactor is con- 
trolled by the performance of the electrolysis cell upstream of the reactor. 
Carbon dioxide is fed to the cathode side of the electrolysis cell where carbon 
monoxide is produced. 
the carbon monoxide and passes out to the disproportionation cell. 
If any carbon dioxide is left unreacted, it mixes with 
Consequently 
the working model of the catalytic disproportionation reactor constructed for 
this contract was designed f o r  one-tenth man capacity with a feed gas composi- 
tion of 50 percent carbon monoxide and 50 percent carbon dioxide. 
This composition was assumed to be a realistic estimate of the gas leaving 
the cathode side of the carbonate electrolysis cell. 
dioxide production rate of one man is 0.1 lbs per hour then the components 
Assuming that the carbon 
which react or are formed in the system for one-tenth man capacity are as shown 
in Table 6. 
Table 6 
REACTANT AND PRODUCT F'LOW RATES IN OVERALL SYSTEM 
ComDonent 
C02 fed to system inlet 
02 formed 
C formed 
CO reacted to form .OO27 lb carbon 
(absolute conversion rate in the 
catalytic reactor only) 
lb/hr cc/min ( STP) 
. 0100 42 
' 0073 
.0027 
.0127 
57 
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I n  experiments with the  H-219 ca t a lys t ,  t h e  f r a c t i o n  of t he  carbon monoxide 
which i s  reacted (percent  conversion) s t a r t e d  between 90 and 100 percent  and 
then slowly decreased t o  between 40 and 80 percent  as described previously 
(Sect ion 4.5) .  
from the  glassware experiment. 
r e a c t s  w a s  not lower than f o r t y  percent of t h e  carbon monoxide which i s  f ed  t o  
the  reac tor .  
t h e  t o t a l  flow of a 1:l CO:C02 mixture would be 414 cc/min; t h i s  w a s  rounded t o  
400 cc/min f o r  t e s t ing .  
A t  constant flow, an  average conversion w a s  used i n  sca l ing  up 
The average amount of carbon monoxide which 
The CO feed r a t e  t o  the  r eac to r  w a s  thus  83/0.4 = 207 cc/min; 
A t  t h e  beginning of the t e s t s  on t h e  model r eac to r  t h e  capaci ty  approxi- 
mated 0.2 t o  0.25 man, a t  the  end of t h e  run the  capaci ty  w a s  s l i g h t l y  l e s s  
than 0.1 man; the average capacity exceeded 0.125 man. 
5.1.2 Operating Cycle 
Rather than have one l a rge  r eac to r  which would have the  capaci ty  
t o  operate continuously f o r  an extended period of time (such as 100 days o r  . 
more), t h i s  un i t  was designed with a small r eac to r  s ized t o  operated f o r  7 t o  
8 days as described i n  Sect ion 5.2. 
would be shut down and t h e  c a t a l y s t  ca r t r idge  replaced with a f r e s h  ca r t r idge .  
A t  t he  end of the  period, t he  reac tor  
The advantages of a replaceable  ca r t r idge  a r e  (1) smaller dimensions 
providing less  surface heat  l o s s e s  and ( 2 )  minimized pressure drop 
due t o  carbon build-up. 
Ca ta ly t i c  tests i n  glassware were made with a r eac to r  12  inches long x 1 . 5  
inches i . d .  and operated f o r  approximately 120 hours with a 1:l carbon monoxide 
carbon dioxide feed a t  a t o t a l  flow of 100 cc/minute. 
i n  t h e  prototype u n i t  bu t  t he  diameter w a s  proportioned up t o  3.0 inches i n  order  
t o  obta in  t h e  required capacity.  
This same l eng th  w a s  used 
. 
5.2 Reactor Assembly 
A photograph of t he  one-tenth man capacity c a t a l y t i c  disproportionation 
r e a c t o r  i s  shown i n  Figure 35. This labora tory  model has cont ro ls  f o r  gas flow, 
hea te r  power and temperature. 
x 19" deep x 35" high. 
36 and 37 show t h e  r eac to r  ins ide  of t h e  u n i t  with and without t h e  hea ters  
a t tached  t o  t h e  reac tor  w a l l .  The in su la t ion  thickness i s  6 inches. 
The overa l l  envelope f o r  t h e  u n i t  i s  19" wide 
The r eac to r  i s  12-1/2" long x 3.0" diameter. Figures 
5.2.1 Flow Diagram 
The flow sheet i n  Figure 38 shows t h a t  t h e  gas mixture of carbon 
monoxide and carbon dioxide i s  f ed  through a rotameter, t o  t h e  c a t a l y s t  bed 
and ou t  of t he  system. I n  the  performance t e s t s  t h e  e x i t  gas w a s  passed 
through a L i r a  i n f r a red  CO analyzer and then through a L i r a  i n f r a red  C02 
analyzer t o  determine degree of CO conversion. I n  a n  a c t u a l  system the  e x i t  
gas would be recycled t o  the  gas i n l e t ;  however, f o r  convenience during t h e  
t e s t s ,  t h e  e x i t  gas w a s  dumped and an analyzed gas mixture w a s  used f o r  t he  feed 
gas. 
5.2.2 Pressure Drop 
The pressure drop across t h e  c a t a l y s t  bed i s  measured with a m e r  
d i f f e r e n t i a l  pressure gauge (range, 0 - 3 p s i ) .  
needle i s  not def lec ted  because t h e  pressure drop i s  l e s s  than  2" H20. The 
end of a run i s  s ign i f i ed  by pressure build-up r e s u l t i n g  from blockage of t h e  
many pa ths  f o r  gas flow, a t  t h i s  point. The pressure drop increases  t o  severa l  
p s i  i n  a few hours. 
During most of t h e  run, t h e  
59 
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5.2.3 Reactor Canis ter  
Two types of c a n i s t e r s  were b u i l t  f o r  t h e  c a t a l y t i c  reac tor .  The 
f i r s t ,  as shown i n  Figure 39 w a s  constructed from a Hastel loy sheet  r o l l e d  i n t o  
a tube 12.5 inch long x 3.0 inch 0 . d .  x 0.063 inch w a l l .  Hastel loy flanges 
were welded t o  each end with seats fo r  a f i l t e r  d i sk  and a r e t a in ing  ring. The 
face,  having concentric grooves machined i n  t h e  surfaces  t o  give more r e l i a b l e  
s e a l  between t h e  end caps and t h e  reactor,was sealed with an asbes tos  gasket .  
Hastel loy w a s  chosen f o r  t h e  mater ia l  of construct ion because it i s  less 
suscept ib le  t o  carbide p r e c i p i t a t i o n  i n  the  800°/16500F operat ing temperature 
range than  i s  a u s t e n i t i c  s t a i n l e s s  s t e e l .  
The second type of r eac to r  w a s  made from a seamless s t a i n l e s s  s t ee l  type 
321 tube,  12.0 inch long x 3.0 inch 0.d. x 0.035 inch w a l l ;  t he  flanges were 
i d e n t i c a l  t o  those on t h e  f i rs t  tube,  This r eac to r  w a s  f ab r i ca t ed  and put  
i n t o  operat ion s o  t h a t  performance t e s t s  could be made while awaiting de l ivery  
of t h e  a l l  Hastel loy reactor . ,  
5.2.4 Heaters and Heater Control 
The c a t a l y s t  bed w a s  heated wi th  two semi-circular heat ing elements 
(Lindberg/Hevi-Duty type 3712-SP) which are clamped t o  t h e  r eac to r  c a n i s t e r  
shown previously i n  Figure 370 The heater  power i s  cont ro l led  wi th  a Powerstat 
va r i ab le  transformer and the  temperature i s  cont ro l led  wi th  an  API propor t iona l  
con t ro l l e r .  
t h e  r eac to r .  Another thermocouple which measures the  e x i t  gas  temperature i s  
placed i n  the  gas  stream and i s  located a t  t he  f i l t e r  element i n  t h e  top  
( e x i t  end) of t h e  reac tor .  
The sensing element i s  a chromel/alumel thermocouple in s ide  of 
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5.2.5 F i l t e r s  
A 1/8 inch t h i c k  porous aluminum oxide f i l t e r  d i sk  i s  mounted i n  
t h e  e x i t  end of t h e  r eac to r  t o  insure t h a t  t h e r e  i s  no carbon entrainment i n  
t h e  gas  stream which leaves  t h e  reac tor .  This f i l t e r  r e t a i n s  a 5.0 micron 
diameter p a r t i c l e .  An i d e n t i c a l  f i l t e r  w a s  used on t h e  i n l e t  s ide  of t h e  
r e a c t o r  c a n i s t e r  t o  hold t h e  ca t a lys t  i n  place.  A small hole w a s  d r i l l e d  i n  
t h e  cen te r  of t h i s  f i l t e r  s o  t h a t  a thermocouple can be in se r t ed  i n  t h e  
c a t a l y s t  bed. 
5.2.6 Cata lys t  
The c a t a l y s t  used i n  the performance t e s t s  of t he  labora tory  model. 
w a s  g ranular  Gi rd le r  H-219 n icke l  oxide supported on quartz wool as described 
i n  Sec t ion  4 of t h i s  repor t .  
f ormance t e s t s .  
The quan t i t i e s  used a r e  described i n  t h e  per- 
5.3 Performance Tests 
The Cata ly t ic  Reactor w a s  operated under the  following conditions t o  
v e r i f y  i t s  performance. 
1. Feed Gas Composition: 50 Percent Carbon Dioxide 
50 Percent Carbon Monoxide 
2. Flow Rate: 400 cc/min (STP) 
3. Temperature : 1000 - 1020'F 
5.3.1 Test 1 
The r eac to r  w a s  loaded with 10.9 grams of quartz wool and 47.5 
grams of H-219 c a t a l y s t  s p l i t  i n t o  three l aye r s .  The thermocouple which pro- 
duces t h e  input s igna l  for t he  temperature c o n t r o l l e r  w a s  posit ioned i n  
t h e  c a t a l y s t  bed @long t h e  axis of t h e  r eac to r  and one inch from t h e  bottom. 
This proved t o  be too  far  from t h e  middle of t h e  bed because t h e  a c t u a l  cen te r  
of the  r eac to r  was a t  approximately 1300°F while t h i s  thermocouple read 1000°F. 
No conversion took place and t h e  run w a s  ended a f t e r  two days; t h e  n icke l  
oxide c a t a l y s t  was found t o  have been reduced t o  n icke l  and consequently no 
carbon had formed. 
5.3.2 Test 2 
The r eac to r  w a s  loaded with eleven grams of quartz wool and s i x t y  
grams of H-219 c a t a l y s t .  This quant i ty  of c a t a l y s t  w a s  believed t o  be approxi- 
mately twice as much as required bu t  w a s  used t o  in su re  t h a t  t h e  r eac t ion  would 
take  place and meet t h e  required spec i f i ca t ions .  The con t ro l l i ng  thermocouple 
w a s  i n se r t ed  t o  t h e  center  of t he  reac tor .  
Figure 40) s t a r t ed  a t  100 percent,  then dropped t o  approximately 60 percent 
u n t i l  t h e  run was ended a f t e r  194 hours (> 8 days) when t h e  conversion w a s  34 
percent.  The i n i t i a l  high conversion i s  a t t r i b u t e d  t o  t h e  chemical r eac t ion  
i n  which carbon monoxide reduces n icke l  oxide t o  n icke l .  After t h i s  i n i t i a l  
period, carbon monoxide conversion i s  due t o  c a t a l y s i s  alone. The average 
conversion f o r  the  e n t i r e  run w a s  52.1 percent.  Af te r  t h e  r eac to r  w a s  d i sas -  
sembled, 303.5 grams of carbon were i n  t h e  c a n i s t e r  which y i e l d s  a n  average 
r a t e  of carbon formation of 1.56 grams per  hour, equivalent t o  approximately 
one-eighth man capacity. 
The conversion (as shown i n  
During the  f i r s t  4 days of t h e  run the re  w a s  no not iceable  pressure  drop 
across  t h e  reac tor  (< 0.03 p s i ) .  A t  t h e  end of t he  f i f t h  day t h e  & w a s  0.08 
p s i ,  a t  the  end of t he  s i x t h  it was 0.18 p s i ,  a t  t h e  end of t he  seventh it was 
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0.5 psi ,  and when the run was ended the Ap was 1.05 psi .  The r a t i o  of carbon 
Iby- 
1 2 3 4 5 6 7 8 9 
t o  catalyst  was 5.05; however, less catalyst  cmld  probably have been used with 
almost the same amount of carbon collected. This would increase the carbon 
t o  catalyst  ra t io .  
5.3.3 T e s t  3 
This test was performed t o  provide a time analysis f o r  changing 
the reactor canister.  When Test No. 2 was ended, the uni t  was flushed with 
carbon dioxide, the power was  turned off ,  and the insulation door was opened. 
A s  soon as the ex i t  gas analyzers indicated that a l l  of the carbon monoxide 
was flushed from the system (about 5 minutes), the reactor a d  heater assembly 
. 
were removed; t h i s  took 45 minutes. 
unnecessary cooling o f  t he  in su la t ion .  
quartz wool, and carbon) were removed, t h e  r eac to r  w a s  repacked wi th  f r e s h  
quartz wool and ca t a lys t ,  and the  r eac to r  and hea te r  assembly were placed 
i n  the  u n i t .  This procedure took 90 minutes. 
had been ava i lab le ,  t he  time f o r  t h i s  procedure would have been approximately 
one- ha l f  hour. 
The door w a s  then  closed t o  prevent 
The contents of t he  r eac to r  ( c a t a l y s t ,  
I f  a prepared replacement r e a c t o r  
Next, t h e  power w a s  res tored ,  t h e  hea te r s  were turned on, and t h e  
r eac to r  w a s  again flushed with carbon dioxide.  Af te r  two hours t h e  r e a c t o r  
reached 1000°F, the feed gas w a s  changed t o  50 percent carbon monoxide and t h e  
r eac t ion  began. The e n t i r e  shutdown time w a s  fou r  hours a f t e r  near ly  8 days 
of  operation, or out of a 198 hour cycle approximately 2 percent i s  used f o r  
switching canis te rs ;  t h i s  w a s  equivalent t o  one-half hour per 24 hours of 
operating t i m e ,  which i s  w e l l  wi th in  t h e  one hour spec i f i ca t ion .  
5 .3 .4  Carbon Entrainment 
No carbon w a s  found downstream of t h e  r eac to r .  The quartz wool 
plug a t  t h e  end o f  the  r eac to r  and t h e  5.0 micron pore s i z e  ceramic f i l t e r  
e f f e c t i v e l y  prevented carbon entrainment. 
5.4 Conclusion 
A laboratory type c a t a l y t i c  type r eac to r  f o r  t h e  d ispropor t iona t ion  
of carbon monoxide i n t o  carbon and carbon dioxide w a s  designed, b u i l t  and 
t e s t e d .  This un i t  provided i n  excess of one-tenth man capacity and surpassed 
a l l  spec i f i ca t ions .  
c 
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SECTION 6 
The following conclusions and recommendations are based on the  da ta  
obtained from the  labora tory  experiments with a molten carbonate e l e c t r o l y s i s  
c e l l  which converts carbon dioxide t o  carbon monoxide and oxygen, wi th  a 
s i l v e r  a l l o y  membrane which separates  oxygen from carbon dioxide,  and with 
a prototype c a t a l y t i c  r eac to r  which converts carbon monoxide t o  carbon dioxide 
and carbon. 
6 .1  Conclusions 
6.1.1 The Electrochemical Reduction of Carbon Dioxide 
The e l e c t r o l y s i s  of carbon dioxide i n  a molten carbonate c e l l  
produces carbon and carbon monoxide a t  the cathode and carbon dioxide p lus  
oxygen a t  t he  anode a t  1300°F. 
for t h e  c e l l  housing because the  carbonate a t t a c k s  the  ceramic g laze  and t h e  
g laze  becomes e l e c t r i c a l l y  conductive a t  e levated temperatures. 
Ceramic coated stainless s tee l  i s  not s u i t a b l e  
S i l v e r  cannot be used as a n  electrode because it i s  chemically a t tacked;  
therefore ,  a s i l v e r  oxygen membrane cannot be placed i n  contact  with t h e  e l ec t ro -  
l y t e .  The only material which w a s  found t o  perform as an  anode or cathode 
without being corroded w a s  platinum 10% rhodium w i r e  gauze. 
The e l ec t ro ly t e s ,  which contain 34% t o  50% by weight magnesium oxide, were 
not s u f f i c i e n t l y  f l u i d  t o  prevent gas leakage across  t h e  e l e c t r o l y t e .  
The expansion and contract ion of the  e l e c t r o l y t e  when passing through 
t h e  phase change from s o l i d  t o  l iqu id ,  causes f r a c t u r e s  and gas  leakage ac ross  
t h e  e l e c t r o l y t e .  
6.1.2 Oxygen Permeation Through S i l v e r  
High pu r i ty  s i l v e r  w i l l  s e l e c t i v e l y  allow oxygen permeation; how- 
ever,  it develops pinholes rap id ly  a t  1300°F. 
l i f e  can be fabr ica ted  from a s i l v e r  a l l o y  which contains  t r a c e  amounts of 
nickel  and magnesium. This a l l o y  y i e lds  r a t e s  of oxygen permeation higher than 
the  published r a t e s  f o r  pure s i l v e r  and has t h e  capab i l i t y  t o  operate  continu- 
ously f o r  60 days without f a i l u r e .  
A membrane wi th  longer operating 
The r a t e  o f  oxygen permeation increases  with increasing temperature; t he  
temperature of t he  laboratory c e l l  w a s  l imi ted  t o  1400'F by the  sof tening 
point  of t h e  brazing a l lpy  used t o  assemble t h e  c e l l .  
The r a t e  of  permeation i s  invers ly  proport ional  t o  membrane thickness .  
The present  minimum thickness  f o r  tubes f ab r i ca t ed  from the  s i l v e r  a l l o y  with 
t r a c e  quan t i t i e s  of magnesium and n icke l  i s  approximately 0.005 inches.  
6.1.3 Cata ly t ic  Disproportionation 
The Girdler  H-219 n icke l  oxide c a t a l y s t  w a s  super ior  t o  any other  
c a t a l y s t  which w a s  t e s t e d  f o r  t h e  disproport ionat ion of carbon monoxide i n t o  
carbon and carbon dioxide. 
The laboratory type c a t a l y t i c  reac tor ,  which w a s  fed  a 1:l mixture of 
carbon monoxide and carbon dioxide a t  a r a t e  of 400 cc/minute, operated con- 
t inuously f o r  e ight  days. Four hours were required t o  replace the  carbon 
f i l l e d  r eac to r  and br ing  the  reac tor  back t o  t h e  operat ing temperature of 
1000°F. 
ins tead  of an an t ic ipa ted  40$, t h e  capacity exceeded the  required one-tenth 
man capaci ty .  
Because a n  average of 52 percent of t he  carbon monoxide w a s  converted 
. 
. 
The weight of the  reac tor ,  seals ,  re ta in ing  r ings,  and f i l t e r s  exceeded 
t h e  weight of ca t a lys t  by a r a t i o  of approximately 15  t o  1. Therefore, an 
improved reac tor  i s  more important than an improved c a t a l y s t .  
6.2 Re commendat ions 
6.2.1 Electrochemical Reduction of Carbon Dioxide 
Depending upon the  need f o r  another process t o  reduce carbon 
dioxide,  the  following problems should be solved f o r  the molten carbonate 
reduct ion c e l l .  
(1) A c e l l  housing should be fabr ica ted  from impervious alumina o r  
z i rconia  and the  operating temperature should be increased be- 
yond 1300°F. 
( 2 )  Sintered platinum electrodes should be subs t i t u t ed  f o r  the  wire 
mesh e lec t rodes  so  t h a t  a more f l u i d  e l e c t r o l y t e  can be used t o  
prevent gas leakage. 
6.2.2 Oxygen Permeation 
The s i l v e r  a l l o y  membrane owgen permeation c e l l  could be scaled 
t o  a prototype u n i t  from the  laboratory da ta  which has been obtained; however, 
t o  ob ta in  improved performance thinner  w a l l  tubes must be fabr ica ted  and t o  
obta in  longer operating l i f e  an  improved a l l o y  must be developed. These a l l o y s  
would probably be composed of s i l v e r  with various small amounts of nickel ,  
magnesium, aluminum, o r  palladium. 
* 
6.2 .3  Cata ly t ic  Disproportionation 
The c a t a l y t i c  r eac to r  performed t o  spec i f i ca t ion  but  improvements 
can be made t o  improve the  weight penalty of the system. The improvements 
which must be developed prior to design of a flight type system are: 
1. The development of a thin lightweight disposable canister. This 
would eliminate the need to empty a used reactor; emptying is un- 
desireable because it is a dirty operation. 
2. The optimum reactor design, operating, and ratio of carbon to cata- 
lyst must be determined to conserve weight, power, and volume. 
3 .  The use of high efficiency, high temperature thermal insulation to 
significantly reduce the thickness of required insulation. Also a 
redesign of reactor supports to reduce the heat l o s s  which travels 
to the skin of the reactor housing. This was found to be a major 
factor in the heat losses in the prototype model. 
72 
BIBLIOGRAPHY 
Adkins, H., and Bi l l ica ,  H: The Preparation of Raney Nickel Catalysts  and 
Their  Use Under Conditions Comparable With Those fo r  Platinum and Palladium 
Cata lys t s .  J. Am. Chem. Soc. ,  Vol. 70, Feb. 1948, pp 695-698. 
Dushman, S. :  S c i e n t i f i c  Foundations of Vacuum Technique. Second ed., John 
Wiley and Sons, Inc.  1962. 
Frohlich, K., Die Bedeutung des Kornwachstums beim Werkstoff S i lbe r .  Die I 
Chemische Fabrik - 12 , 1939, pp 30-33. 
Gregory, E., and Smith, G. :  The Effec ts  of I n t e r n a l  Oxidations on the Tensi le  
Proper t ies  of Some S i lve r  Alloys a t  Room and Elevated Temperatures. Journal 
of the  I n s t i t u t e  of Metals - 85, 1957, pp 81-87. 
Mitchell, W .  , ed. : Fuel  Cells, Academic Press, 1963. 
Weissberger, A .  ed.: Technique of Organic Chemistry. Vol 11. Second ed. 
In te rsc ience  Publishers, Inc. 1956. 
Winsel., A .  : Bei t r ige  zur Kenntnis der S t romver te ihng  i n  porbsen Elektroden. 
Zeibsc’h-ift far Eiektrochemie, Ed GO> / /  KL 4, l%2, pp 287-304. 
Young, G., ed.: Fuel  Cells,  Volume 2, Reinhold Publishing Corp. 1963. 
73 
